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The  aggregative  pattern  of  adherence  (AA)  exhibited  by  enteroaggregative  Escherichia  coli  upon  HEp-2  cells 
is  a  plasmid-associated  property  which  correlates  with  aggregative  adherence  fimbria  I  (AAF/I)  expression  and 
human  erythrocyte  hemagglutination.  By  using  cloning  and  mutagenesis  strategies,  two  noncontiguous  plasmid 
segments  (designated  regions  1  and  2)  required  for  AA  expression  have  previously  been  identified  in 
enteroaggregative  E.  coli  17-2.  TnphoA  mutagenesis  was  performed  on  clones  containing  region  1,  and  16 
TttphoA  mutants  which  were  negative  for  the  AA  phenotype  were  analyzed.  The  TnphoA  insertion  site  for  each 
mutant  was  determined  by  junctional  DNA  sequencing.  All  16  mutations  occun^  within  a  4.6-kb  span  in 
region  1.  Nucleotide  sequence  analysis  of  the  region  revealed  four  contiguous  open  reading  frames,  designated 
aggDCBA,  in  the  same  span.  AA-negative  TnphoA  insertions  into  all  open  reading  frames  except  aggB  were 
obtained.  On  the  basis  of  mutational  analysis  and  protein  homology  data,  it  is  inferred  that  agg.4.  aggC,  and 
aggD  are  involved  in  biogenesis  of  AAF/I,  encoding  a  m^or  fimbrial  subunit,  outer  membrane  usher,  and 
perinlasmic  fimbrial  chaperone,  respectively  .  By  immunogold  electron  microscopy,  polyclonal  antiserum  raised 
against  the  aggA  gene  product  decorated  AAF/I  fimbriae,  affirming  that  AggA  encodes  an  AAF/I  subunit. 


Enteroaggregative  Escherichia  coli  (EAggEC)  strains  have 
been  incriminated  as  causative  agents  of  persistent  childhood 
diarrhea  (9,  38).  EAggEC  strains  are  defined  by  their  pattern 
of  mannose-resistant  adherence  to  HEp-2  or  HeLa  cells. 
Bacterial  aggregates  adhere  to  epithelial  cells  in  a  stacked- 
brick-like  lattice,  so-called  aggregaiKe  adherence  (AA)  (30). 
The  AA  phenotype  is  distinct  from  the  localized  adherence 
(LA)  and  the  diffuse  adherence  (DA)  patterns  of  epithelial  cell 
adherence  characteristic  of  enteropathogenic  E.  coli  (EPEC) 
and  diffusely  adherent  E.  coli  (DAEC).  respectively.  The  LA 
pattern  is  typified  by  the  formation  of  distinct  bacterial  micro- 
colonies  or  clusters  adherent  to  HEp-2  cells,  while  for  the  DA 
pattern  single  bacteria  adhere  over  the  epithelial  cell  surface  in 
an  evenly  dispersed  arrangement.  EAggEC  strains  adhere  to 
human-derived  intestinal  explants  and  cultured  intestinal  mu¬ 
cosa  in  a  pattern  similar  to  that  seen  in  the  HEp-2  cell 
adherence  assay  (20.  47.  48).  suggesting  that  this  adherence 
phenotype  may  have  relevance  in  human  colonization  and 
disease. 

For  several  EAggEC  strains,  including  prototype  strain  17-2, 
the  genetic  determinants  conferring  the  AA  phenotype  arc 
associated  with  large,  ca.  60-MDa  plasmids,  which  show  a  high 
degree  of  conservation  among  EAggEC  strains  (29,  43).  In 
EAggEC  strain  17-2.  two  noncontiguous  regions  on  its  single 
large  plasmid,  termed  regions  I  and  2,  are  required  for 
expression  of  the  AA  phenotype,  aggregative  adherence  fim¬ 
bria  I  (AAF/I)  expression,  and  mannose-resistant  hemaggluti¬ 
nation  (31).  Region  1  determinants  required  for  the  AA 
phenotype  are  contained  on  a  6.8-kb  C/al  fragment  (32)  (sec 
Fig.  1).  A  plasmid  construct  containing  this  fragment  can  be 
complemented  in  trans  to  express  AAF/I  fimbriae  and  the  AA 
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phenotype  by  a  1.2-kb  fragment  which  encompasses  region  2 
^2).  Mapping  data  show  that  regions  1  and  2  are  separated  by 
9  kb  on  the  plasmid  of  strain  17-2  (31),  and  the  structural  gene 
for  a  beat-stable  enterotoxin  is  found  in  the  interceding  span 
(39). 

In  this  paper,  we  present  detailed  mutational  analysis  of  the 
AAF/I  determinants  in  region  1  and  the  corresponding  nucle¬ 
otide  sequence.  The  described  gene  cluster  and  its  deduced 
protein  products  show  organizational  and  structural  similari¬ 
ties  to  other  known  fimbrial  biogenesis  systems  of  pathogenic 
gram-negative  bacteria. 

MATERIALS  AND  METHODS 

Bacterial  strains,  plasmids,  and  growih  conditions. 
EAggEC  strain  17-2  (serotype  05;H2)  is  a  Chilean  pediatric 
diarrheal  isolate  which  haibors  a  60-MDa  plasmid,  pi  7-2. 
encoding  AA  determinants  (43).  All  of  the  plasmid  construc¬ 
tions  used  in  this  study  arc  derived  from  pi  7-2  and  are 
represented  in  Fig.  lA.  To  construct  plasmid  pSSlOl,  Ta4, 
encoding  ampicillin  resistance,  was  introduced  into  pi  7-2  as 
previously  described  (35).  E.  colt  HBlOl  was  used  as  host  for 
plasmid  constructs.  17-2(Aflgg/?i  has  an  in-frame  deletion  in 
the  aggR  gene  and  does  not  express  AAF,!  (32). 

Strains  were  routinely  grown  on  LB  medium  (36)  at  37®C 
and  stored  at  —  70“C  in  LB  broth  supplemented  with  20% 
glycerol.  Supplements  were  used  in  the  following  concentrations; 
streptomycin,  100  (ig/ml;  ampicillin,  200  M-g/nil:  kanamycin,  50 
Ug/ml;  tetracycline,  30  u.g/ml:  and  the  alkaline  phosphatase 
chromogenic  substrate  5-bromo-4<hloro-3-indolyl-phosphate 
(XP)  (Sigma),  40  jig/ml. 

Recombinant  DNA  techniques.  Plasmid  DNA  was  purified 
by  the  method  of  Bimboim  and  Doly  (6)  or  by  cesium 
chloride-ethidium  bromide  density  gradient  centrifugation  fol¬ 
lowing  alkaline  extraction  (36).  Restriction  endonucleases  and 
other  DNA-modifying  enzymes  were  purchased  from  Bochr- 

4949 


94  9  01  0  10 


94-28499 

II  itlll  iiaia  Iiani  ... _ 


4950  SAVaRINO  ET  AL. 


J.  Bacteriou 


A 

Region  1 

K  C  C  St 

yy  \  \  11 

Region  2 

k  c  X  xest 

1  1  III  1 

B  St 

1  1  ^  oSSlOl 

AA 

Dhenotvoe 

+ 

1 

_ 1  PJPH31 

+ 

K 

K 

1 _ 

_J 

pJPM36 

■  1 

S#  P 

r 

U 

pJPN52 

-  j 

c  c 

1 _ 1 

PJPN41 

EV  ^EV 

1 _ Li 

PSS102 

El  El 

1 _ 1 

pSSl03 

— 

B 


O  S  kti 


FIG.  1.  (A)  Restrieiion  map  of  pSSIOl  showing  the  region  harboring  AAF.'I  regions  1  and  2  (dcmarcaied  by  brackets).  Relevant  subclones  are 
depicted  below  this  map,  with  their  corresponding  adherence  phenotypes  indicated  to  the  right.  The  cloning  vectors  (with  the  relesant  construction 
in  parentheses)  were  as  follows:  pCVD30l  (pJPN.'l),  pRK415  (pJPN?b).  pBR.'2S  (pJPN52).  pBlucscript-'SKl  tpJP.N'JI ).  and  pUCl9  (pSSI02  and 
pSSlOS).  The  bracket  grouping  pJPN.^h  and  pJPN52  indicates  that  these  clones  complement  one  another  in  ir^ns  to  express  the  AA  phenot>T>e. 
(B)  Enlargement  of  the  b.Js-kb  Oel  fragment  representing  region  1  and  a  physical  map  of  the  agg  gene  cluster.  The  positions  of  the  individual  genes 
are  indicated  by  the  lettered  open  boxes.  Location  of  the  EASTt  enterotoxin  gene  (asiA)  is  also  shown  (39).  Tnp/io/l  insertion  sites  into  region 
I  •containing  clones  which  abolish  the  AA  phenotype  are  marked  by  lollipops.  Triangles  indicate  insertions  into  pSSlOl.  squares  indicate  insertions 
into  pJPN31.  and  circles  indicate  insertions  into  pJPN.^6.  Solid  lollipops  signify-  PhoA*  mutations,  while  open  loMipops  indicate  Pho.^"  mutations. 
The  nucleotide  sequence  for  the  -i.b-kb  segment  denoted  by  the  thick  black  line  is  presented  in  Fig.  2.  Rcstrinion  sites  shown  arc  C/oI  (C).  Sp/il 
(Sp).  Oral  (D).  fipnl  (K).  5n/l  iSa).  Xhal  (X).  BnmHl  (B).  Sspl  (Ss).  Pnil  (P).  EcoRV  (EV).  and  EroRl  (El) 


inger-Mannheim  (Indianapolis.  Ind.)  and  used  according  to 
the  manufacturer's  instructions.  Conjugations  were  performed 
by  the  plate  cross-streak  method  (3b).  and  transformations 
were  performed  bv  the  technique  described  by  Mandel  and 
Higa  (27). 

TnphoA  mutagenesis  and  determination  of  TnpfioA  inser¬ 
tion  sites.  TnphoA  mutagenesis  of  the  AA-conferring  recom¬ 
binant  cosmid  pJPN31  was  previously  reported  (29).  as  was  the 
assignment  of  these  mutations  to  either  region  1  or  region  2  of 
AAF/1  by  restriaion  mapping  (31).  Additional  transposon 
mutagenesis  was  performed  separately  on  HBlOl(pSSlOi)  and 
HB101(pJPN36/pJPN52).  both  of  which  express  the  AA  phe¬ 
notype  (Fig.  lA).  Tnp/to.-l  was  introduced  into  these  constructs 
by  using  the  conjugative  suicide  vector  pRT733  as  previously 
described  (42).  For  HBlOl(pSSlOI),  each  conjugation  mixture 
was  plated  on  agar  supplemented  with  streptomycin,  kanamy- 
cin,  and  XP.  Blue  colonies,  indicating  an  in-frame  TnphoA 
insertion  into  a  gene  whose  produa  is  transported  extracytoplas- 
mically  such  that  extracellular  alkaline  phosphatase  (PhoA) 


activity  is  detectable  colorimeirically.  were  pot'led  from  each 
conjugation.  To  eliminate  those  mutants  with  chromosomal 
insertions,  plasmid  DNA  was  prepared  from  each  pool  and 
used  to  transform  HBIOI.  Transformants  expressing  PhoA 
activity  on  agar  supplemented  with  kanamycin.  streptomycin, 
and  XP  were  studied  for  adherence  capability  in  the  HEp-2  cell 
adherence  assay. 

TnphoA  was  similarly  introduced  into  HB101(pJPN36). 
Transpositions  into  pJPN36  were  detected  by  transforming 
pooled  plasmid  DNA  from  individual  matings  and  selecting 
kanamycin-resistant  (Km'^j  transformants  without  initial  re¬ 
gard  for  PhoA  activity.  pJPN36::Tivj/io/4  mutants  w-ere 
screened  for  loss  of  the  AA  phenotyTje  in  the  HEp-2  cell 
adherence  assay  in  an  HB101(pJPN52)  host.  All  AA~  mutants 
were  subsequently  tested  for  PhoA  activity  on  XP-supple- 
mented  media. 

DNA  sequence  analysis.  The  DNA  sequence  of  region  1  was 
determined  by  the  dideoxynucleotide  chain  termination 
method  of  Sanger  et  al.  (37)  on  double-stranded  templates  by 
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using  7j^1  cycle  sequencing  kits  (Applied  Biosysiems  (ABI), 
Foster  City.  Calif.)  in  a  thtiTnal  cycler  (Perkin-Elmer  Cetus). 
For  s  ^ce  anah-sis,  DNA  was  purified  by  the  alkaline 
lysis-[  iene  glycol  purification  method  recommended  by 

the  r  [urer  of  the  sequencing  kits  (2).  Templates  in¬ 

cludes  j)iS102,  pSS103.  pJPN41  (Fig.  lA),  and  DNA  frag¬ 
ments  subcloned  from  these  constructions  in  pUClS  or 
pUC19.  Both  strands  of  DNA  were  sequenced  by  using 
fluoresceinated  forward  and  reverse  pUC  primers  (ABI)  with 
primer  chemistries  or  custom  oligonucleotide  primers  with 
terminator  chemistries.  Primers  were  synthesized  as  needed  on 
an  ABI  model  392  automated  DNA/RNA  synthesizer. 

For  each  AA*  transposon  mutant,  the  TnphoA  insertion 
point  was  determined  by  DNA  sequence  analysis.  An  EcoRV 
or  Sfl/1  DNA  fragment  containing  all  or  part  of  the  transposon, 
respectively,  and  flanking  DNA  were  subcloned  into  pUClS  or 
pBluescript/SKl  by  using  kanamycin  .selection.  To  sequence 
outward  from  TnphoA-~onv,  i.ig  inserts,  a  primer  comple¬ 
mentary  to  the  5'  end  e  ncated  plioA  gene  (5'- 
TCGCTAAGAGAATCA  i' .  s  used. 

The  MacVector  Sequence  An^*fvsis  software  program  (In¬ 
ternational  Biotechnologies.  Ne\  lave  i.  Conn.)  was  used  to 
determine  restriction  enzyme  sites,  o^en  reading  frames 
(ORFs),  and  deduced  amino  acid  sequence  f.'om  the  obtained 
DNA  sequence.  Protein  database  searches,  comparisons,  and 
alignments  were  performed  with  MacVector  software  by  using 
the  GenBank  Entrez  Protein  Database. 

Construction  of  a  malE~cgg/i  fusion  and  generation  of 
anti-Agg.A  polyclonal  antiserum.  The  aggA  gene  lacking  its 
predicted  signal  sequence  was  amplified  with  the  olieonucleo- 
tides  5'-GCGTTAGA.AAG.ACCTCCAATA-3'  (sjs5)  and  5  - 
GCCGGATCCTTAAAAATTAATTCCGGC-3'  (sjs6)  as  prim¬ 
ers  (.see  Fig.  2)  and  plasmid  pSS103  (Fig.  lA)  as  the  template 
with  the  GeneAmp  PCR  kit  (Perkin-Elmer  Cetus).  The  PCR 
cycle  included  denaturation  for  1  min  at  94'’C.  primer  anneal¬ 
ing  for  1  min  at  30‘C.  and  extension  for  1  min  at  72°C  (30 
cycles).  The  amplification  product  was  digested  with  Klenow 
fragment  and  BawHI  and  cloned  into  the  expression  vector 
pMAL-p2  (New  England  Biolabs  (NEB).  Beverly,  Mass.), 
w'hich  had  been  digested  with  Xmnl-BamHI.  In  this  way.  the 
truncated  flgg/4  gene  was  inserted  downstream  from  the  malE 
gene  with  its  signal  sequence.  This  construction,  designated 
pSS120.  was  confirmed  by  DNA  sequence  analysis  with  the 
malE  primer  (NEB)  and  transformed  into  £.  coli  TBl  for 
expression  and  purification  of  maltose-binding  protein  (MBP)- 
AggA  fusion  protein  (3). 

Cultures  of  TBl(pSSI2i'i  were  grown  in  rich  medium  with 
glucose  (3)  at  37°C  with  shaking  to  an  optical  density  at  600  nm 
of  0.5.  followed  by  induction  with  ().3  mM  isopropyl-P-o- 
thiogalactoside  (IPTG)  (Sigma)  for  2  h.  Osmotic-shock  prep¬ 
arations  were  made  from  w  ashed  cells,  and  the  periplasmically 
expressed  MBP-AggA  fusion  was  purified  by  affinity  chroma¬ 
tography  on  a  cross-linked  amylose  resin  column,  following  the 
manufacturer’s  (NEB)  recommendations. 

New  Zealand  White  male  rabbits  (1.5  kg)  were  immunized 
intramuscularly  with  purified  MBP-AggA  fusion  mixed  1:1 
with  complete  Freund  s  adjuvant.  At  2-  to  4-week  intervals,  the 
rabbits  received  four  additional  doses  of  MBP-AggA  mixed  1:1 
in  incomplete  Freund  s  adjuvant.  Three  weeks  after  the  last 
immunization,  the  animals  were  phlebotomized  to  obtain 
serum. 

HEp-2  cell  adherence  assay.  The  HEp-2  cell  adherence 
assay  was  performed  according  to  the  original  method  of 
Cravioto  ct  al.  (8).  Briefly.  20  p.1  of  an  overnight  bacterial 
culture  (grown  statically  in  LB  broth  at  37°C)  was  added  to  the 
HEp-2  cell  monolayer  (50  to  757c  confluen>,e)  i;.  24-well  tissue 


culture  plates  (Costar  Corporation.  Cambridge.  Mass.).  In¬ 
fected  monolayers  were  incubated  in  Minimal  Essential  Me¬ 
dium  (Life  Technologies,  Grand  Island,  N.Y.)  containing  0.5^1 
D-mannose  for  3  h,  w-ashed  with  Hanks'  balanced  salt  solution 
(Life  Technologies),  fixed,  and  sta.ned  with  107c  Giemsa  prior 
to  determination  of  adherence  pznerns  by  light  microscopy. 

Electron  microscopy.  Electron  microscopy  and  immunogold 
electron  microscopy  were  performed  by  standard  methods  with 
a  JOEL  JEM  1200  EX  II  transmission  electron  microscope 
(24).  Antiserum  to  affinity-purifiec  MBP-AggA  fusion  protein 
was  used  at  a  dilution  of  1:100.  ar.d  commercial  antiserum  to 
MBP  (NEB)  was  used  at  the  same  dilution. 

RESULTS 

TnphoA  mutational  analysis  of  .A\F/1  region  1.  Results  from 
TnphoA  mutagenesis  of  pJPN3l  have  previously  been  reported 
(29,  31).  Of  86  nonadherent  insertion  mutants  originally 
reported  (29).  3  represented  independent  insertions  into  re¬ 
gion  1.  The  precise  insertion  site  was  determined  for  each  of 
these  ihree  mutants  by  restriction  mapping  and  TnphoA  junc¬ 
tional  DNA  sequence  analysis,  and  these  sites  are  represented 
in  Fig.  IB  by  square  lollipops.  One  of  these  three  mutants 
expressed  PhoA  activity  (filled  square  in  Fig.  IB). 

TnphoA  mutagenesis  of  HBlOj'pSSlOl)  yielded  six  nonsib¬ 
ling  PhoA"  mutants  (of  1.170  touil  PhoA"  transconjugants) 
with  single  transposon  insertions  ir.  pSSlOl.  Three  of  these  six 
mi'tants  were  unable  to  adhere  :o  HEp-2  cells.  Restriction 
mapping  and  TnphoA  junctional  sequence  analysis  placed  each 
of  these  three  mutations  in  AAF  I  region  1.  The  TnphoA 
insenior,  .'hes  for  these  three  muiints  are  represented  in  Fig. 
IB  by  fi’icd  triangular  lollipops. 

Tnph  )A  insertions  into  pJPN.'^  were  screened  for  acquisi¬ 
tion  of  Ktn'  without  regard  to  Pho.A  activin.  Of  40  such  Km" 
clones  generated.  10  nonsibling  mutants  were  found  to  be 
nonadherert  to  HEp-2  cells  in  ar,  HB101(pJPN52)  host.  The 
exact  location  of  TnphoA  insertion  for  each  of  these  10 
mutants  was  determined  as  for  t'r.e  previously  described  mu¬ 
tants,  and  these  sites  are  represented  in  Fig.  1  by  circular 
lollipiops. 

In  total.  16  TnphoA  mutational  insertions  were  obtained  in 
one  of  three  constructions  containing  AAF'I  region  1.  each  of 
which  abrogated  the  AA  pattern  cf  adherence  to  HEp-2  cells 
shown  by  the  parent  construct.  Vithin  the  6.8-kb  C/al  frag¬ 
ment  originally  reported  as  dem.rcating  region  1  (31).  all  16 
mutational  insertion  sites  are  located  within  a  4.6-kb  segment. 

Nucleotide  sequence  of  AAFl  region  1.  The  nucleotide 
sequence  of  btith  strands  of  the  n.8-kb  C/a  I  fragment  was 
determined.  Translation  of  the  DN.A  sequence  showed  four 
contiguous  ORFs  of  greater  thar.  l(K)  codons,  all  within  the 
4.6-kb  segment  containing  the  .AA'  Tnp/ioA  insertions.  All 
four  ORFs  are  oriented  in  the  sa.me  direction,  i.e..  from  left  to 
right  on  the  linear  map  shown  in  F;g.  I.  These  ORFs  are  given 
the  genetic  name  agg  (for  aggregative  adherence  fimbria  I). 
and  the  individual  genes  are  designated  (from  left  to  right) 
aggZ?,  aggC.  aggB.  and  aggA.  With  the  exception  of  aggB, 
TnphoA  insertions  which  abolished  the  AA  phenotype  were 
obtained  in  each  of  these  ORFs.  and  the  translated  protein 
products  show  relatedness  to  components  of  other  fimbrial 
biogenesis  gene  clusters.  Figure  2  displav-s  the  DNA  sequence 
of  the  4.6-kb  segment  containing  me  agg  gene  cluster  and  the 
deduced  amino  acid  sequence.  The  overall  G-t-C  content  of  the 
agg  gene  cluster  is  43%. 

aggD  sequence.  Analysis  of  the  nucleotide  sequence  encod¬ 
ing  AggD  revealed  an  ORF  of  "56  nucleotides  which  starts 
with  the  ATG  codon  at  nucleotide  133  (Fig.  2).  A  stretch  of 
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1  AMTCSGCCCCaAKaAamAC*AEATTCMATATCnM4TMTSaATTTTnitfi££TT*TATUTTTUCTCTTT41tU^CiM£Tr6UC 
rtis 

Ml  TTCAACTTCAACnCAACTTCUCZGATACCUTCAACATTCGAAUATACTTTCAAUATACCTATACUTTAACTCrmTACTTTrcCCUTaCCA 

MKIItIVSTIAIAlSVFTFAMAQ 


2«1  ATCATTTCAAAATCTCCACAATAACCCCAAACTATmcmcaTTTACCrcCAAUCCTATCATTTATAACCaAATTCTTacuaAAUmCU 
S  F  C  «  V  f  M  M^A  KVFSIHICATAMIYKPIISSCETIA 

Ml  CTTATTAATCAAUTAAaAKaATATrAaCCAACCCAATCTATrATCAUCUTCAAAAAAATATTCCACCTTrTATAATTACACacCCTTATTTC 
VIMEHMYPIlVQAMVlStOQICIIlAPFIITFPlF 

Ml  CACTTCATCaaACAATCAAKCCCCTTCCTATTCTOWAACACAACCACCTTTTCCAATACATCCTSAAACTaACUTCUTaCTCTAAACCCCAT 
ALOALQSSRLtlVATECAFPlOIESlQIlCVKAI 


Ml  TCaCCAAAATATtAACACAAAT«taAAA6AA6AACrTACCC<AAAAAAATaaTAAAtCAACTATQMTATACAACmCACTMCCACTrcaTT 
PPKVEOKtAKEEVS«KK$DKATMHlQVSVSStI 

Ml  AAAaATrCCTTCCKCKUUTCTCAAACUCAACUaTUTCTACaCCAAAAATCAACTUCAAAAACTCCCAAATAUTTAAAACMaAAACC 
KLFVIPAOVKCQPOOVACKIKIQKVCNKIKGVN 


7*1  CAACGCCATTCTATATCCAUTTGCTCACTTUCACTAeCTCAAAAACAAATAAaUAACCUTTATATACaCCrmTaTCTTAEUATATCCCAT 
PTPFYMOIAELRVCEKEITETNYIAPFSSTEYPM 


Ml  CCaCTAAATUGCUCCWACCTCCeATCCAAACTCCTAAaaTTACGCTCaATTACTAAAAUTTTCAAAUCCCCnAATATTAATUTCnTT 
PVMCCCOVttRVVTOYCCISKTFETClNl* 

cggC  _  _ 

Ml  ATATATCAAAACATCATCTTTaTAATACTCATTCTrTTCTCmTCCAATACAAAATaAATCGattTACATTTTttTTrUTCCCTaTTATTAAAC 
MXTSSFlIVILlCFtlENVl  A^H  TFSFDASILM 

IMl  CATCCTAKCCCMUTAUaTAACTaACTTUCAAACCACCCaCTTCCaCCTATTTATCCCCTraTATAATTTTAAATCCrrCGCaATTUTT 
MCSCCIOITLIEKCCQLPCIYPVDIILNCSRID 

IMl  CAACCCATATATrCTTTTAUCAAAAAAAAATAUUTCCTaATATTACaCAAACCacmAACTCUCATATTTTCATTAATTA:CUCTAAAUC 
SROIFFYTItrMtHCEYYlRPCLTIDlllNYCVKT 


1241  AUACAATACCaAATCTTTrCCCCCAAAATACTCAAAAAAATACACAUCTACCUTTCTCaUnrTATaCTUTCCCCCAACaACACAAUaAT 
EEYPMlFRQNSEKNtOSSOCAOlSVIPQATECY 

IMl  UTTTTATAAAACACCAAaAATAaCCCAATTCCACAACncCMTCCCCCCACUTTUUCCCATTCCCUTCAUCAATCTCCUTUTUTATAT 
HFlKOQllLCIPQVAlIPPlTCIAHETMtCDCl 

IMl  CACaTTTTTCTTaAaGCCMCTAeAeCCMCTaTTCSCACTATACAAaAATACTCUMTTCTrttaCAATnTTCCCCaCrrrCCAACCTtC 
SAFlLMtQVECSNIEYIISMTItMSSONFIASlEPC 

IMl  AATCAATaCCCATaTCeCCAATCAeAAATaUCAACnCGAATAACTtTTCCKCCACTCACMAACTCSGAAACaUTATATrCTCTTUCCCT 
l«lCSIIJtNlTTIMKS$CQ$CKIESSYllVER 

IMl  CGCTTAAACAATATAAAAACTCeTrrWCemCCCWTCACTATACACaKAUTATTmaUeTCTTCCrmCCTCCCCCAATCTTACUTCTC 
CINNIKSRITFCOOYTPSDIFDSVPFRCCPICS 

17«1  ATCAAAATATCCTCCCATATAATOMCCTCAArrTCaCaCTACTCACASCTATTCCCCUACCCAACCACCAATACAACTACCTCAAAATCCaATa 
OEHMVPYHQIlEFAPVVtCIARTQARIEVIQICYl 

INI  AATACACACTCCrATCCTaCACCAGCGCCTTTTCCCrrAACAUTCTTCaCTUCKCGAACCCTCCrUCTTCCMCTTrCCaATTAUCTCAMC 
IQSRlVSPCAFAlYDlPVTCNCCDlQVtVlESD 

IMl  CCCACTATACAUCTTTTAATCTCCCAmACTAaCCCCaATTCaCTTCaCAACSATATTrCAAATACAATCTAACACRUAUATACCCTCaT 
CTIQTFUYPFTTPAIAlREtYlltYlIVTVCEYlP 

2M1  aCACaTACTATCCAACCACaTATCTTCCACAATTCACCCaATCTATCCmACCATCCTCCTTGACACCCTTTCCTMAATCCAAnAACTCAAa 
SODSIECAYlCQlTARYCtPiSlTAFCCJCVSEH 

2M1  TTATCACCCTAATaATTCCCArrACCmCTCATTCCCAGCCTTCCCCTaATATCAaACACACCATTTATrCrCtACCACAACAAAAMMTATACT 
YQC*ALGL«l$lCCFCSISlDTIYS(CQQ(CY$ 

22*1  AATUAATACeAAAAACTTGCCCCCKCCnATMTAACTCCnTCA(aAACM«AaACTm(aKMCnATtMCATrCAACT(UCCnACC 
MElCKTttVRYDIESFElTCTSFAACYQDSSACY 

2M1  ATrUTTCCCCUCCTATTCCATACTTATCCTAATGCTACTCUTACACCACTTATUTUTACAAmWCCUCCACAATAMUTAACKAACCCa 
NSLADVlOTYRPCTAYtSYDNKlIIRTTJNlSQAl 


nucleotides  consisting  of  a  6-bp  segment  directly  repeated  six 
times  was  deteaed  in  the  noncoding  region  5'  to  oggD.  A 
putative  ribosome  binding  site  and  - 10  and  —35  sequences  are 
also  shown  upstream  of  aggD  in  Fig.  2.  Analysis  of  the  encoded 
amino  acid  sequence  by  the  algorithm  of  von  Hcijne  (44) 
predicts  the  presence  of  an  amino-terminal  signal  peptide  of  32 
amino  acids.  The  predicted  mature  protein  contains  220  amino 
acid  residues  and  has  a  calculated  molecular  mass  of  24.6  kDa 
and  an  isoelectric  point  of  8.9. 

Alignment  of  the  AggD  amino  acid  sequence  with  proteins 


in  the  GenBank  Entrez  Protein  database  revealed  significant 
homology  with  periplasmic  chaperone  proteins  involved  in  the 
biosynthesis  of  several  other  hmbriil  and  nonfimbrial  adhesins 
including  £.  coli  NfaE  (1)  and  PapD  (25),  Yersinia  pestis  CaflM 
(12)  and  PsaB  (26),  and  Yersinia  erjerocolirica  MjfB  (16).  TTte 
percent  amino  acid  identity  between  AggD  and  each  of  these 
reported  chaperone  proteins  is  shown  in  Table  1.  An  ideal 
alignment  between  AggD,  NfaE.  CaflM,  MyfB,  and  PapD  is 
shown  in  Fig.  3.  PapD,  the  prototype  periplasmic  pilus  chap¬ 
erone,  binds  P-pilus  subunits  and  delivers  them  to  the  outer 
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24«1  TCCTUCTCGCSATCTCTTasaAMCUCCCKaUTCMTATCaUTAAACTMACUCUTTATATAGCTCOTCTTATACTUTTUTCSAU 
CCICSVAl«CCKDCVIDKVKQDT2CASTSI$IK 

ZMl  SCTATTACCTTCCCACTAAATrCCTttCCCAATAATAATATCCUGATTATTATACCAAUCTTTACSCACCCAAAATAATTTAAACCTaCUTUaA 
CITFAVMCSIMMNICDrrSaSLKTEMMlIllMS 

IMl  TltaATCAAACCa86TTC6CeC6«ATttTAAACCCCTAACACaACACCACAUTACAACCTATttCC«ACAAAATAacmATCAAACtCCm 

ipmicivlccdokcvtataqiqiitcqntitetcl 

27tl  AAACCCACCTCCCTTTKACAAAAeaATAaCCaTATACCTCAACAUTACTACrrGCTASCAMTATUTCCAUTAaACTaATTCUTnTCCC 
HCIAFCQKLYCOItEQIVFCSKYOAOTSllNlI 

2M1  TUTCACCTCCTTATGCCCACaAAUeeAATCTATACTTACAATCCTAACACACaaUTCAACCnCCCACCTCTCCAACUTUaATAUTACTC 
WSCCYCELTCMYSYMANTIQMNVCTSCSMAINS 

2M1  CACaATACUTTTCerCAaAAAaUTarACAATCemTAATTCaeaCCAUAATASaCCASfCTCACTTSCTCCmKaCCAaCAaAC 
CClAFCQKTOOTMALIAAFClACASVCCtFCVST 

3M1  TUTTTCCCTCUTATAaTTCCTACCAUTCTATaCCTTATaCCACAATATTATTAUCTTCATCnACAACTTTKCTUTAATAaCAAaCTCC 
OFICYTLVCHVSFYQEMIITIOFTTFPOITEVS 

31tl  CAAACGUTACeCCTCTTATTCCAAaAACCaCUTrAaCCAACCACAAmAAUaCCTCTCCaAATCCTCaaCCTUUaSACCCCTAACC 
QTOIKVIFTKCALVQAEFKTtVCNIALVTlTRK 

32tl  AeCCAACCCmTKaTncaACCCTTCTTACCCTTCAAACAAAAACCCCACAACCATTTttCTncaCCTCTTCTAaTaTUfCtCAACCTaA 
OCTllPFCTVVTLEtKTCEAFESACVVDfiCCKVY 

3M1  TaAACCCCGCTCTaUeCaCCAAAAaCAACGCCaCTCCCeUCAAAUCCUCTCaATCCtCAaACAAAaCCUaAAAAAACCCAATaU 
ISCLSEACKLKAQWCTMSQCYADYKlPLtKCNS 

rbt  aggi 

34P1  CeAATTTTTCTCAeCteTeCAeTgTCTATCTAAeAeCAeeCAACTTATCCTCAAAAAeAetAYATYACCtAYCYtCTCCCCYCTAnTgTCATCCTAATt 
CIFITEAVCM*  MIKKSILPNSCCVLVMVH 

3SA1  ACTCCTTTATTACATKCGaSAAATTACCTTUTAACTaCAAAArrnACCaCTCAATTACCTCATCCTATUACTTACCAACAiSAACAATrCCa 
S  C  L  L  0  A^A  EITLlSKKTlCSQlKDCMKLATCtlA 

3M1  CTACCCAACaaTCATtaTTTaTATATCaTAAATCCCACTCAAAATCCAAAAgTTCgTCATTATAYTaACAAAACAATACACAAACCAACaTCA 
CKE.  PNOCFMIllaASQMSICVCNYIVQANtETXNE 

*^^FVKlCC«6tSS$l  i**E**<**^”**e*  V  Y^  Q(EEK«AIFD 

3M1  ATrATCTCCaTK6AAYCACTATACrCCCCaC«6AATATATATnTttaAACTCCTtAATeTnAATATCAAeAeeATCAAAmAmATeAATA 
XMSDCMQYSAPCEYIFSVSCEClISIt* 

<♦*  A«P* 

SMI  CTCaAAATTAATTCCCTCTAATAAATAAUTaTCrrCaTCCnTTTTATAAAKAATCTAAATATCAATIfiSCfiAAAATAUTUAAAUTTAAAAA 

M  K  T  I  K 

»j»5 

MMRIKNICITICIVSIISRCAR  lEKPPlKATE 

4M1  CACAATCCCCCrCACCCTTACAAATCATTCTCCYCnAaATACaACAAATACTCCACCAAATCTTCCTCTAKCTCAACAAaCUATAATATTTAAC 
TIRlTVTROCPVTlATNSPPlIVtVSSTTFIIF* 

4291  (UACAaAACMCCACAUCCAATCTCaAAAACCCCTCCAACCCTCTtCTTATCCCCAAaCCYCCCCaAATAACTCCCTCaAlACaTAaACAA 
ATVTTTEQCAKSCAtVtlRCTCAANKfVlEHTT 

4391  ATACAAAAOMAAATACAUTTAAATCUTaATAttTCCAAAYTCATATnCCAUCTCCAHAAaAATCCASOATTTATAAAAATCTttCAACCAC 
«TKQKYTlllPSIOe«$YF(JTPCTIIAAIY»iVTTt 

»J«« _ 

4491  ACACACACTTrreAAECCAACTCTCAACCTTCACCaAAAATrCAACTATTAATACCACCCCAATATAUATUTAaCUTlCUiAllIUnillM 
DtVlKASVKVOPKIQVlIPCEYEMIlHAClRF* 

4591  AACTCTATCaTAATAUACTATATCSGAAATACCCCCTUTACraTAAAAACCgMAKATCATATTAaATCACCnATATrAAYCCTTCATACCGA 

FIG.  2.  Nucleotide  and  predicted  amino  acid  sequences  of  the  agg  gene  cluster  {aggDCBA)  within  AAF/1  rep.'n  1 .  The  nucleotide  coordinates 
are  numerically  indicated  in  the  left  margin.  Single>letter  codes  for  amino  acids  are  shoun  belove  the  coresponding  nucleotide  sequence 
(termination  codons  are  shown  as  asterisks).  Gene  designations  are  noted  above  the  start  codons  of  the  respenh;  ORFs.  Predicted  - 10  and  -35 
promoter  sequences  upstream  of  aggD  and  putative  ribosome  binding  sites  (rbs)  are  labelled  and  underlined.  .A  stretch  of  6  bp  directly  repeated 
six  times  in  the  noncoding  region  5'  to  aggD  is  italicized.  The  corre^nding  DNA  sequences  for  oligonucleotide  primers  sjs5  and  sjs6.  used  to 
amplify'  part  of  the  aggA  gene,  are  underlined  and  labelled.  The  predicted  site  of  signal  peptide  cleavage  for  each  rrotein.  according  to  the  formula 
of  von  Heijne  (44),  is  marked  by  a  vertical  arrowhead. 


membrane  for  assembly  into  pili  (15).  It  has  two  globular 
domains  (each  consisting  of  multiple  antiparallel  ^•strand$) 
oriented  towards  one  another  to  form  a  cleft  and  contains 
conserved  and  variable  amino  acids,  features  it  has  in  common 
with  the  immunoglobulin  superfamily  (15).  As  noted  in  Fig.  3, 
AggD  shows  a  high  degree  of  similarity  to  the  PapD  consensus 
sequence,  which  includes  amino  acid  residues  important  to  the 
maintenance  of  proper  tertiary  structure  and  formation  of  the 


cleft  wherein  subunit  binding  occurs  (15. 18).  Distinct  from  the 
PapD  prototype.  AggD,  NfaE.  CaflM.  and  MyfB  have  two 
cysteine  residues,  one  each  within  the  FI  and  G1  ^-strands 
(with  reference  to  the  solved  structure  of  PapD).  While 
cysteine  residues  are  rare  in  this  family  of  molecules,  a  f>air  of 
cysteine  residues  are  found  in  the  G2  and  H2  ^-strands  of 
PapD  and  have  been  shown  to  link  these  two  strands  together 
(15). 
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Table  l.  Idemities  herueen  AggD  or  AggC  and  other  pilus 
chaperone  proteins  or  outer  membrane  usher  proteins,  respeaively 


Ptoicit) 

Bacterial  species 

^  ideniin'  to. 

Amino 
acid 
overlap 
(no.  of 
residues) 

AggC 

AggD 

Chaperones 

NfaE 

£.  coli 

65 

202 

CaflM 

Y.  pestif 

41 

220 

PsaB 

Y.  pesos 

44 

23.3 

MrfB 

Y.  enierocolmca 

41 

220 

PapD 

E.  coli 

34 

200 

Usher  proteins 

CaflA 

Y.  pesos 

42 

811 

M\fC 

Y.  entemcolinca 

42 

809 

FimC 

B.  permssis 

27 

811 

PapC 

E.  coli 

24 

811 

aggC  sequence. 

.  Seventeen  base 

pairs 

downstream 

of  the 

aggD  ORF.  an  ORF  of  2,526  nucleotides  was  detected  and  is 
designated  aggC.  No  potential  ribosome  binding  site  was 
discerned  upstream  of  the  ATG  initiation  codon  (at  position 
905).  The  aggC  deduced  gene  product  has  a  typical  signal 
peptide  of  21  amino  acid  residues.  The  expected  mature 
protein  has  a  calculated  of  90,900  and  a  pi  of  7.4. 

A  protein  homologs  comparison  of  AggC  with  the  protein 
database  revealed  signiheant  homology  to  outer  membrane 
molecular  usher  proteins  including  Y.  enterocolitica  MyfC  (16). 

Cafl.A  (19).  and  B-  \ktcUa  pcniissis  FimC  (45).  A 
lower  degree  of  homoKigs  is  noted  between  AggC  and  PapC 
(.'.').  the  prototype  cute:  merr.brane  usher  involved  in  P-pilus 
biogenesis.  The  percent  amino  acid  identities  between  AggC 
and  each  of  these  usher  proteins  are  shown  in  Table  1. 

aggB  sequence.  Seventeen  base  pairs  downstream  of  the 
aggC  Stop  codon,  at  position  ?447  (Fig.  2),  an  ATG  initiation 
codon  for  a  third  ORF  is  noted.  This  ORF  has  tentatively  been 
designated  aggB.  A  putative  ribosome  binding  site  is  noted  7  bp 
upstream  of  the  initiation  codon.  The  predicted  amino-termi¬ 
nal  sequence  of  aggB  contains  a  typical  signal  peptide  of  24 
amino  acid  residues,  and  the  expected  mature  protein  has  a 
molecular  mass  of  13.3  kDa  and  a  pi  of  8.4.  As  noted  above,  no 
.\A~  TnphoA  insertion  mutations  were  localized  to  the  aggB 
ORF.  and  a  homology  search  revealed  no  significant  similarity 
to  other  reported  proteins. 

agg4  sequence.  The  aggB  gene  is  followed  by  a  101-bp 
intergenic  segment  and  then  a  513-bp  ORF.  designated  aggA. 
This  ORF  is  preceded  by  a  putative  ribosome  binding  site  9  bp 
upstream  of  the  ATG  start  codon  at  position  3985  (Fig.  2).  The 
deduced  AggA  protein  contains  a  predicted  signal  sequence  of 
28  amino  acid  residues,  followed  by  a  mature  polypeptide  of 
143  residues  with  a  molecular  mass  of  15.6  kOa  and  a 
theoretical  isoelectric  point  of  9.7.  The  AggA  protein  exhibits 
nominal  homology  (1797  amino  acid  identity)  with  the  major 
subunit  of  F41  fimbriae  (11)  (data  not  showm). 

Localization  of  the  Agg.4  gene  product.  As  depicted  in  Fig.  1. 
the  generation  of  three  PhoA"  TnphoA  insertions  in  frame 
with  the  aggA  ORF  confirmed  that  AggA  is  normally  exported. 
Because  AggA  is  required  for  e>q}ression  of  the  AA  phenotype 
and  shows  homology  with  the  F41  major  fimbrial  subunit,  it 
was  hypothesized  that  this  protein  is  a  structural  subunit  of 
AAF/I  fimbriae. 

The  ultrastructural  location  of  AggA  was  determined  by 
immunogold  electron  microscopy  with  antiserum  raised 


against  affinity-purified  MBP-AggA  fusion  pi  ^  m.  This  anti¬ 
serum  specifically  decorated  bundle-forming  fimbriae  ( AAF/1 ) 
on  wild-type  EAggEC  strain  17-2,  as  shown  in  Fig.  4.  As  a 
control,  anti-MBP  antiserum  did  not  decorate  the  surface  of 
strain  17-2.  Additionally,  MBP-.4ggA  antiserum  did  not  deco¬ 
rate  17-2(.iflggR)  (32).  which  does  not  express  .AAF/1  (data  not 
shown). 

DISCISSION 

Nataro  et  al.  (31)  have  presiously  described  two  noncontig¬ 
uous  plasmid  regions  required  for  AAF/1  expre>>ion  and  AA. 
In  this  paper,  we  present  a  detailed  analysis  of  the  AAF/1 
determinants  within  region  1.  These  determinants  consist  of 
four  contiguous  genes  within  a  4.6-kb  span  of  region  1  of  the 
60-MDa  plasmid  from  wild-type  EAggEC  strain  17-2.  On  the 
basis  of  mutational  analysis,  amino  acid  sequence  homologies, 
and  ultrastructural  data,  it  is  inferred  that  the  products  of  three 
of  these  four  ORFs,  namely,  AggA.  AggC.  and  AggD.  ser\  e  as 
a  structural  fimbrial  subunit,  outer  membrane  usher  protein, 
and  periplasmic  chaperone,  respectively,  in  AAF  1  biogenesis. 
The  function  of  the  aggB  gene  product  could  not  be  established 
from  the  studies  presented  herein.  By  using  another  strategy, 
however,  it  has  since  been  shown  that  insertional  mutations  in 
this  gene  result  in  weak  expression  of  the  AA  phenoty'pe  with 
HEp-2  cells  yet  abolish  mannose-resistant  hemagglutination 
(28a).  This  may  suggest  some  dinerences  in  the  genetic  deter¬ 
minants  required  for  the  AA  phenotype  and  mannose-resistant 
hemagglutination  and  is  especially  interesting  since  no  proteins 
homologous  to  AggB  have  yet  been  reported  for  other  fimbrial 
biogenesis  systems. 

In  addition  to  the  iigg  gene  c)'.>;er  de^crlbed  r.  rein.  a  single 
determinant  in  AAF  1  region  2  >  essential  for  AAF  1  produc¬ 
tion  and  AA.  This  gene,  called  ~ggR.  is  an  aniC  homolog  and 
appears  to  be  a  transcriptional  activator  of  .A.AF  I  e.vpression 
(32).  The  plasmid  pJPN52  contains  the  entire  ag:R  gene  and. 
as  noted  previously,  complements  in  nans  pJPN.'fi.  a  plasmid 
construct  containing  AAF/1  region  1.  to  allow  expression  of  the 
AA  phenotype.  In  this  context,  the  directly  repeated  hexamer 
(TCAAGT)  5'  to  the  transcription  stan  point  of  aggD  may  be 
important  (Fig.  2).  AraC  induces  transcription  of  Puad 
binding  to  directly  repeated  half-sites  (7).  Likewise,  other 
prokaiyoiic  regulatory  proteins,  such  as  ToxR.  also  appear  to 
recognize  directly  repeated  DN.A  sequences  (2Si.  Studies  are 
in  progress  to  determine  if  this  tandemly  repeated  hexamer  is 
involved  in  AggR  binding  and  transcriptional  acLi\ation. 

The  low  GC  content  of  the  ag:  gene  cluster  relative  to  that 
of  the  £.  coli  genome  raises  some  questions  as  to  its  esolution- 
ary  origin.  Of  note,  less  than  1  kr  upstream  of  the  start  codon 
of  aggD.  an  ORF  with  a  deduced  amino  acid  sequence  sharing 
439t  identity  with  the  rcsohase  gene  of  Tn.'  (tnpR)  was 
discerned,  and  a  38-bp  segment  ranking  this  ORF  shares  5897 
identity  with  the  TnJ  invertec-rejjeat  sequence  (data  not 
shown)  (14).  While  there  is  a  precedent  for  plasmid-encoded 
virulence  determinants  being  found  on  transposons  (40).  the 
ability  of  the  agg  gene  cluster  to  transpose  has  not  been 
experimentally  determined. 

Organizationally,  the  agg  gene  cluster  shares  similarities  w  ith 
certain  other  fimbrial  operons.  Like  CF.AI  of  enterotoxigenic 
£.  coli  (46),  the  gene  regulating  transcription  of  fimbriae  and 
accessory  proteins  is  noncontipous.  Interestingly,  the  gene 
encoding  EAggEC  heat-stable  enteroto.\in  1  (E.AST1)  is  lo¬ 
cated  si  kb  downstream  of  the  aggA  stop  codon,  in  the  span 
of  DNA  between  regions  1  and  2  (39),  much  like  the  organi¬ 
zation  of  CFA/I  determinants  and  the  heat-stable  enterotoxin 
(STa)  gene  on  some  plasmids  in  enterotoxigenic  £.  coli  strains 
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(46).  If  direct  data  to  suppon  a  role  for  AA  and  production  of 
EASTl  in  EAggEC  disease  pathogenesis  are  obtained,  this 
span  would  appear  to  comprise  an  important  virulence  cas¬ 
sette. 

The  aggA  gene,  which  appears  to  encode  the  major  fimbrial 
subunit  of  AAF/1,  is  located  downstream  of  other  assembly 
genes.  In  this  regard,  it  is  organizationally  similar  to  the 
operons  involved  in  bic  cenesis  of  each  of  the  adhesins  in  the 
Dr  adhesin  family  (which  recognize  tne  Dr  blood  group 
antigen  as  a  receptor),  including  F1845  fimbriae  (5),  Dr 
hemagglutinin  (41),  and  the  afimbrial  adhesins  AFA-1  (22)  and 
AFA-III  (23).  These  arc  distinguished  from  operons  encoding 
determinants  of  many  other  fimbriae,  whereby  the  major 
fimbrial  subunit  gene  is  at  or  near  the  5’  end  of  the  operon 
(21).  Likewise,  the  agg  gene  cluster  is  configured  similarly  to 
the  determinants  of  members  of  the  Dr  adhesin  family  with 
respect  to  the  overall  number  and  relative  order  of  genes 
required  for  adhesin  e.xpression  (5,  22,  23,  41).  Distinct  from 
the  AAF/I  determinants,  though,  the  presumed  regulatory 
genes  of  the  Dr  adhesin  family  are  contiguous  with  the  genes 
encoding  the  assembly  proteins  and  adhesin  subunit,  usually  at 
the  5'  end  of  the  operon  (5.  22). 


Three  distinct  mannose-resistant  patterns  of  adherence  to 
HEp-2  cells  have  been  discerned  in  studying  so-called  cn- 
teroadherent  E.  coli:  LA,  AA,  and  DA  (38).  LA  is  character¬ 
istic  of  EPEC.  Evidence  to  date  suggests  that  bundle-forming 
pilin,  encoded  by  bfpA,  may  represent  the  LA  adhesin  (10). 
Ninety-nine  percent  of  EPEC  strains  hybridized  with  a  bjpA 
gene  probe,  suggesting  a  common  genetic  determinant  medi¬ 
ating  this  phenotype  (13).  BFP  pilin  shares  characteristic 
features  with  other  pilins  such  as  Vibrio  cholerae  TcpA  and 
Neisseria  gonorrheae  MSll,  all  members  of  the  type  IV  pilin 
family  (10). 

While  two  different  DA  determinants  have  been  cloned,  the 
FI  845  fimbrial  adhesin  has  been  most  thoroughly  character¬ 
ized  (4, 5).  DNA  hybridization  studies  show  that  approximately 
60  to  80%  of  DAEC  strains  share  relatedness  with  FI  845 
genetic  determinants  (28a).  As  mentioned  above,  F1845  be¬ 
longs  to  the  family  of  Dr  adhesins.  Like  other  members  of  this 
family,  FI  845  is  both  the  major  fimbrial  subunit  and  the  DA 
adhesin  (34). 

From  the  data  presented  herein,  it  is  clear  that  the  AAF/1 
determinants  are  genetically  distinct  from  those  determinants 
described  for  the  LA  and  DA  phenonpes.  On  the  basis  of 
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FIG.  3.  The  inferred  primary  sequence  of  AggD  is  shown  in  alignment  with  the  primary  sequences  of  NfaE  (I  ■.  CaflM  ( 12),  MyfB  (16),  PapD 
(25),  and  the  chaperone  consensus  sequence  (17).  Residues  in  the  alignment  are  numbered  according  to  AggD.  Capital  letters  indicate  amino  acids 
identical  to  the  corresponding  residues  in  AggD.  The  consensus  sequence  was  previously  compiled  from  a  corsparison  of  13  members  of  the 
chaperone  family  (17)  not  including  AggD,  NfaE,  and  MyfB.  Asterisks  in  the  consensus  indicate  positions  of  conserved  hydrophobic  character. 
Capital  letters  in  the  consensus  indicate  residues  conserved  in  8  of  13  sequences,  while  boxed  residues  are  invariant  for  all  16  chaperone  proteins. 
Periods  represent  gaps  introduced  for  optimal  alignment.  The  labelled  arrows  below  the  sequences  indicate  the  B-jcrands  resolved  from  the  crystal 
structure  of  PapD,  which  are  arranged  in  sheets  to  form  two  globular  domains.  . 
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FIG.  4.  Immunoi  'Id  electron  micrograph  of  strain  17-2  decorated  with  gold  panicles  after  primars  incuhition  with  anti-MBP-AcgA  antiserum. 
Bar.  200  nm. 


nucleotide  and  deduced  antino  acid  sequences  of  the  .Acc.A 
fimbrial  subunit.  .A.AF  I  does  not  readily  fall  into  any  known 
family  of  fimbriae,  although  modest  homolog)'  with  F4I  is 
recognized  (11).  Fanhermore,  while  it  appears  that  AggA 
represents  a  major  AAF/1  fimbrial  subunit,  data  to  assign 
AggA  a  role  as  the  actual  AA  adhesin  are  as  yet  lacking.  It  is 
appreciated  that  the  A.A  phenotype  generally  presents  three 
different  interactions.  Bacteria  adhere  not  only  to  the  epithelial 
cell  hut  also  to  or.e  another  (interbaetcrial  interaction)  and 
often  to  the  glass  matrix.  Although  the  agg  gene  cluster  is 
required  for  expression  of  the  AA  phenotype,  the  molecular 
basis  for  each  of  these  interactions  is  not  yet  clear.  We  have 
produced  antiserum  against  AggA  which  specifically  decorates 
AAF/1  fimbriae  in  vitro.  Preliminary  experiments  .suggest  that 
this  antiserum  ma>  inhibit  HEp-2  cell  adherence,  although 
more  detailed  studies  are  ongoing  to  determine  the  exact  role 
of  AggA  in  HEp-i:  cell  AA. 
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